Abstract-A novel ultrathin near-field (NF) 2-bit 24 × 24-element transmitarray lens working at X-band is presented in this letter. The aim of this antenna is to focus in a point located in the NF without using any complex feeding network. In order to obtain a planar lens with a very low profile, a 2-bit-design approach is used to diminish the number of layers used in the structure. The simulations have been done using a model based on the concept that the NF of an array can be calculated as the sum of the far-field contributions of every single one of its elements. These are considered as plane apertures over which the tangential electric field is constant. In order to validate the results of this model, they are compared to both those obtained with a full-wave commercial software and those from measurements. Thus, an NF antenna is manufactured and measured showing the measurements' good concordance with the results of the model. Index Terms-Focusing, near field (NF), quasi-periodic surface, transmitarray (TA).
I. INTRODUCTION
T HE recent development of short-range applications has increased the relevance of near-field (NF) antennas. Therefore, designs for RFID applications [1] , [2] , medical diagnosis [3] , or any other general-purpose application involving detecting near objects can be found in the literature. Most of these antennas are based on phased arrays [4] , which normally present a complex feeding network, or Fresnel lenses [5] , which present low efficiency. Thus, a planar lens antenna could be used to overcome these problems since it is no longer necessary to make use of a feeding network and the antenna can be designed to maximize the transmitted power.
Therefore, the overall importance of antennas based on planar lenses has significantly grown [6] - [8] , with the transmitarray (TA) being one of the most important examples. Nonetheless, in this type of antenna, in order to obtain the necessary phase shift, it is often required to use a four-layer structure [9] . This is due to the necessity of obtaining a 360
• phase shift while the variation of the transmitted amplitude is kept below −3 dB, by changing one or more of the unit cell elements. This may sometimes result into structures that increase the weight of the system. One of the solutions is to quantify the phase shift that each cell should introduce. For instance, in the case of a 1-bit structure, it would only require a phase delay of 0 • or 180
• [10] . This means that the maximum phase error introduced by any unit cell is 90
• . Nevertheless, this feature could be lowered by using a higher number of bits, although the most common quantifications are the ones using 1 and 2 bits [11] , because a two-layer structure can be used.
Thus, a novel NF antenna based on a TA is presented in this letter. A scheme of the system is depicted in Fig. 1 , where F is the focal distance and D the size of the lens. The antenna is fed by a horn located in its focal point, and the unit cells are modified to introduce the necessary phase shift in order to focus at a certain point located in the NF (F ).
II. UNIT CELL
The design of the 2-bit unit cell of this TA, at 10 GHz, is based on a variation of a four-dielectric-layer structure made of four square stacked patches coupled by 2 × 2 slot [12] , which yields a stable behavior when the incident angle is varied, while a phase shift of 360
• can be obtained. Then, by introducing a 2-bit phase quantification, the number of dielectric layers forming the stacked structure can be reduced to only 2, as shown in Fig. 2 . In this design, the slot has been turned into a symmetric cross in order to obtain dual polarization. In Table I , an overview of the results of the final design is shown, where τ is the coefficient transmission of the element. From this point on, only one of the polarizations will be taken into account for the analysis since the structure is symmetric and the results of both polarizations are the same. Hence, it can be observed that by using a 2-bit unit 1536-1225 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. cell, it is possible to obtain the necessary phase shift for this structure while maintaining the level of the transmitted amplitude. Although the last of the quantification levels is placed in the limits of usage, it does not significantly affect the behavior of the structure. These simulations were carried out using the full-wave commercial software Ansys HFSS.
III. MODEL
In order to carry out a rapid and efficient simulation of the NF of a TA, a model similar to the ones in [13] - [15] is presented in this letter. In this model, the final NF of the structure is calculated as the sum of the far-field (FF) contributions of all its elements. It is assumed that all these elements are square apertures over which the tangential electric field (E x tan ) is constant. The FF contribution (E X x;m ,n ) of the element in the (m, n) position of the mesh is calculated using (1)- (6) . Then, all these contributions are summed to obtain the total electric field (7) . In these equations, φ and θ are the spherical coordinates given that the origin of each FF contribution is located in the center of each element, k is the wavenumber, and r is the distance from the center of each cell to the point where the field is calculated. In this case, the field is acquired in a planar regular meshed aperture of M × N elements located at the plane of the lens. The value of E x tan in the lens zone (shaded area in Fig. 3) is given by the product between the incident field and the coefficient transmission of each unit cell and in the spillover area (dotted zone area in Fig. 3 ) by the field of the horn antenna
E X x;m ,n = cos θ cos φE
This model is capable of analyzing an NF system in approximately 15 min in a desktop computer, whereas it can take one day to carry out the same simulation using a full-wave software like HFSS v15 in a workstation (Ax AMD Opteron 8378 with 128 GB of RAM memory).
IV. TA DESIGN
In this letter, a 2-bit TA has been designed for an NF application in the X-band at 10 GHz, in which the feed is a corrugated horn with a directivity of 11 dBi. The characteristic parameters of this antenna are: F = F = 151.2 mm and D = 216 mm, equivalent to 24 unit cells per side; see the shaded zone in Fig. 3 . In addition, the values of N and M will be set to 224 for the rest of the analysis. This TA is designed with a process similar to the one used for an NF phased array. It is intended to focus at a certain distance from the antenna at a point placed in the axis perpendicular to the system (z-axis), and each element of the array introduces the necessary phase shift. Nonetheless, in this case, the different cells are chosen in order to minimize the difference between the ideal phase that each cell must introduce (Ω req ) and the different levels of the quantified phase shift. In Fig. 4 , the comparison between the reconstructed phase for the ideal and the 2-bit cases is depicted, showing that, while there is a certain quantification error in the reconstructed phase, it is not significant. This error (Ω error ) would be calculated as the modulus of the difference between the phase reconstructed by each cell (Ω cell ) and the one required for the ideal case (Ω req ) according to (8) , in which x i and y i are the coordinates of the cell center and ∠E inc the phase of the impinging field
V. MEASUREMENTS This 2-b TA was manufactured and measured in a planar range [16] in order to validate the model described in Section III. Fig. 5 shows a picture of the fabricated prototype where the different size of the patches for the different cells can be appreciated. Fig. 6 compares the different results in the z-axis. For a better comparison, these are normalized to the maximum of the field obtained with the lens. Thus, it can be observed that there is good concordance between the model, the full-wave simulation, and the measurement data since the maxima are located very close to each other and the curves present the same −3 dB beamwidth. The small variations that can be seen in the measurement are due to the reflection and diffraction among the different supporting elements used to carry out the process. Fig. 7(a) and (b) shows the comparison between the model results and measurements for the principal cuts of the plane located at the point where the field of the antenna has its maximum (z = 135 mm), which is slightly closer to the lens than F . In this case, the location of the maximum of the field depends on the size of the lens. It can be seen that there is also good agreement between the model and the experimental results. In Table II , the data obtained by the model and measurements concerning the spot width (Sw), which is the width in millimeters of the beam measured at 1 or 3 dB below the maximum, and the level of secondary lobes are compared, showing very similar values. Finally, a characterization of the variation of the system behavior with the frequency is carried out in order to estimate the bandwidth of the antenna. The following study has been carried out in terms of the focusing gain (FG) of the system, which is defined as the ratio between the field obtained with the lens (E x TA ) and the one obtained without it (E x FEED ) at each point of the space Fig. 8 depicts the results of this parameter at the point where the maximum of the field at 10 GHz is placed, i.e., z = 135 mm, showing good concordance between the model that has been used to characterize the system and the measurements. In addition, the bandwidth predicted by the model is slightly wider than the one obtained in simulation. Nonetheless, this feature is around 20% of the central frequency, which is a good indicator for this type of antenna, and, therefore, the difference of bandwidth does not have a significant effect. Besides, the results corresponding to the simulation in HFSS of an equivalent Fresnel lens in terms of aperture and feeding antenna are depicted. Thus, it can be seen that the performance of the prototype improves the behavior of the latter.
VI. CONCLUSION
In this letter, an ultrathin NF-TA based on a 2-bit unit cell formed by two square stacked patches coupled by a symmetric cross is presented. The 2-bit TA was designed, manufactured, and measured in order to validate the results obtained in simulations. These were carried out by using a model that performs a fast calculation of the NF by summing the FF contributions of all the elements of the system. In this sense, a good concordance has been obtained between simulations and measurements in both the z-and the x-and y-axes, validating the results given by the model. Besides, a 25-mm quasi-circular spot has been obtained while the value of the secondary lobes is lower than −15 dB, which is a good performance for an NF-antenna of this type. To sum up, the results obtained in this study show that it is possible to obtain a good behavior while reducing the overall size of the TA.
